The electron-deficient, fused-heterocycle benzo [c] [1, 2, 5] thiadiazole (BTDA) is investigated as acceptor group in A-D-A-type oligothiophenes in order to correlate their relative acceptor strength with opto-electronic and photovoltaic properties. In this respect, two novel BDTA-capped oligothiophenes were synthesized and characterized by optical and electrochemical measurements. They showed broad absorptions in the visible spectrum and HOMO-LUMO energies well suited for organic solar cells. The attachment of terminal BTDA acceptor units to the conjugated oligothiophene backbone resulted in a hypsochromic shift in UV-Vis absorption and larger band gap in comparison to previously reported analogous dicyanovinylene (DCV)-substituted oligothiophenes indicating that BDTA is a weaker acceptor than DCV. Vacuumprocessed m-i-p (metal-intrinsic-p-doped)-type bilayer solar cells using these co-oligomers as donor and C60 as acceptor gave moderate power conversion efficiencies of around 1.0%. Bulk-heterojunction (BHJ) solar cells prepared by solution-processing using fullerene PC61BM as acceptor generated slightly lower efficiencies of 0.9%, which were increased to 1.5% by using the higher fullerene PC71BM. It was found that the cell efficiencies were mostly limited by the low photocurrent densities due to moderate light absorption in the bilayer devices and low fill factors coming from inefficient charge transport in the solutionprocessed BHJ devices.
Introduction
Organic solar cells (OSC) based on oligomeric donors have gained immense interest in recent years since they possess unique advantages over their polymer counterparts, such as well defined molecular structure, synthetic reproducibility, and efficient control of band structure [1] [2] [3] [4] . The molecular structure of these materials typically involves attachment of π-electron donor and acceptor units (D-A) at suitable positions in order to obtain strong charge transfer absorptions in the visible to near-infrared region. In single junction solution-processed bulk heterojunction solar cells (BHJSC) using oligomeric donors as ptype and fullerene derivative as n-type semiconductor materials power conversion efficiencies of 8 -9% have been achieved [5] [6] [7] . In vacuum-processed BHJSCs PCEs up to 6 .9% have been recently reported [8, 9] .
Today, many well absorbing conjugated oligomers, often referred to as "small molecules", containing diketopyrrolopyrroles, squarines, merocyanines, and oligothiophenes as building blocks have been used as the p-type semiconducting materials in solution-or vacuum-processed BHJ solar cells [10] [11] [12] [13] [14] . Among the acceptor groups dicyanovinyl (DCV) [8, 13, 14] , cyanoacetate [15] , rhodanine [5] , benzo[c] [1, 2, 5] thiadiazole [9, [16] [17] [18] [19] [20] [21] [22] [23] , pyridinothiadiazole [17, 24] , and thieno [3,4-c] [1, 2, 5] thiadiazole [25] have been successfully introduced into organic semiconducts. So far, benzo[c] [1, 2, 5] thiadiazole (BTDA) is one of the frequently used electron-deficient moieties in low band gap materials for organic solar cell applications. The motivation for incorporating the heterocyclic BTDA into π-conjugated systems is its ex-cellent thermal stability, high absorption coefficient, suitable HOMO and LUMO energy levels, and strong intermolecular π-π interactions leading to an ordered morphology in the solid state. Therefore, it has been used as acceptor block in donor-acceptor polymers and oligomers with good charge transport properties and broad absorptions to the NIR-regime [16] [17] [18] [19] [20] [21] [22] [23] [26] [27] [28] . Copolymers implementing BTDA as acceptor have shown good mobilities up to 0.17 cm 2 V −1 s −1 [29] [30] [31] .
We have recently reported functionalized oligothiophenes, which showed a reduced band gap due to the incorporation of an electron-withdrawing BTDA core unit. In planar heterojunction (PHJ) devices with C 60 as acceptor, these oligomers produced a very high V OC of 1.15 V due to the low lying HOMO energy level of the BTDA-oligomer leading to power conversion efficiencies of 1.5% [16] . Similar structure, in which BTDA was used as terminal acceptor units in terthiophene (1: BTDA3T, Chart 1) has earlier been investigated in PHJ solar cells yielding a PCE of 1.7% and a V OC of 0.98 V [17] . In this study, we present the synthesis and characterization of extended oligothiophene derivatives 2 and 3 comprising terminal BTDA moieties and compare them to the previously reported BTDA3T 1 (Chart 1). Optical, thermal, and electrochemical properties have been investigated and the photovoltaic performance of the oligomers was studied in both, vacuum-and solution-processed devices.
Results and discussion

Synthesis
Terminal BTDA-substituted oligothiophenes 2 and 3 were synthesized as shown in Rys. 1. The starting building block 6 was prepared by Pd-catalyzed Stille-type coupling reaction of 4-bromobenzo[c][1,2,5]thiadiazole 4 [32] and (4- butylthien-2-yl)tributylstannane 5 [33] in 59% yield. Bromination of 6 using NBS in chloroform selectively afforded building block 7 in 95% yield. Stille-type coupling reaction of 7 with 5,5'-bis(tributylstannyl)-2,2'-bithiophene 8 [34] and corresponding terthiophene 9 [35] under microwave irradiation gave target BTDA-substituted quaterthiophene BTDA4T 2 and quniquethiophene BTDA5T 3 in 57% and 53% yield, respectively.
Thermal characterization
The thermal stability of BTDA-derivatives 2 and 3 which is of crucial importance for the preparation of vacuumprocessed solar cells was investigated by themogravimetric analysis (TGA) and differential scanning calorimetry (DSC) (Figure 1 ). Both oligomers showed very good thermal stability with an onset of decomposition temperature (T d ) at ∼430 ∘ C for both as determined from TGA.
Determination of the melting points by DSC resulted in 189 ∘ C for tetramer 2 and 166 ∘ C for pentamer 3. In comparison to these data, the smaller oligomer in the series, BDTA3T 1, showed a similar decomposition temperature at ∼420 ∘ C [17] and a lower melting point at 141 ∘ C [36] .
Optical properties
Electronic absorption spectra of oligomers 2 and 3 in dichloromethane are presented in Figure 2 and corresponding data are summarized in Table 1 . The results are further compared to the previously synthesized terthiophene derivative BDTA3T 1. BTDA4T 2 and BTDA5T 3 showed absorption maxima at 462 and 454 nm, respectively, which are associated with the charge-transfer transition from the oligothiophene backbone to the terminal electron-accepting BTDA acceptors. Surprisingly, the maximum of this band is slightly blue-shifted for the longer oligomer 3, but a significant spectral broadening and an increase in the molar extinction coefficients (ε = 37.000 L mol −1 cm −1 ) was observed in comparison to quaterthiophene 2 (ε = 32.500 L mol −1 cm −1 ). Both compounds showed in the UV region a second weaker absorption band at 311 nm originate from the π-π* transition of the conjugated system. Compared to the solution spectra, a 50-60 nm red-shift and a broadening of the main absorption band was observed for both oligomers in thin films prepared by vacuum sublimation (Figure 2 ). This red-shift is attributed to intermolecular π-π stacking and ordering of the molecules in the bulk. In the same line, the optical gap, which is equal for both oligomers (Eg opt = 1.95 eV) and determined from the onset of absorption, is lowered by about 0.3 eV compared to solution (Eg opt = 2.26 − 2.27 eV). Absorption bands in solution and in thin films of the shorter analogue BTDA3T 1 are shifted to higher energies reflecting its reduced conjugation length with respect to oligomers 2 and 3 [17] . A comparison of the optical data of the BTDAterminated oligothiophenes 2 and 3 in solution with the previously reported analogous dicyanovinyl (DCV) endcapped oligothiophenes (DCV4T and DCV5T) [14, 37] revealed a distinct blue-shift in absorption by 56 nm and 76 nm, and a simultaneous enlargement of the optical gap by 0.17 eV and 0.25 eV, respectively. The hypsochromic shift and larger optical gap are rationalized by a weaker acceptor strength of the terminal BTDA groups in comparison to DCV. 
Redox properties
Cyclic voltammetry of oligomers 2 and 3 was measured in a three electrode configuration in dichloromethane solutions containing 0.1 M TBAPF 6 as supporting electrolyte. The data are presented in Figure 3 and summarized in Table 1. Both oligomers 2 and 3 showed two quasi reversible or irreversible oxidation waves, which can be assigned to the stepwise oxidation of the oligothiophene core to radical cations and dications. An expected lowering of the oxidation potentials from 0.34 V to 0.31 V for the first and from 0.63 V to 0.55 V for the second oxidation was observed with increasing conjugated chain length and number of thiophene units in compounds 2 and 3. The irreversible reduction waves arose at about the same potential of −1.85 V and −1.83 V, respectively, and are assigned to the reduction of the terminal BTDA moieties. The reduction of BTDA derivatives 1 and 2 appeared at more negative potential compared to the analogous DCV4T (E red ∘ = −1.41 V) Table 1 : Optical and electrochemical data of BDTA4T 2 and BDTA5T 3 measured in dichloromethane and in comparison to terthiophene BDTA3T 1 [17] . HOMO-and LUMO-energies were calculated by setting the internal reference Fc/Fc + vac to −5.1 eV. a The redox potentials (E°ox and E°r ed ) were calculated by the mean of the cathodic and anodic peak potentials of a quasi-reversible waves: E°= (Epa+Epc)/2. For the irreversible waves the redox potentials E°were determined at I 0 = 0.855Ip [38] .
and DCV5T (E red ∘ = −1.37 V) further signifying that the BTDA group is less electron deficient compared to the DCV moiety [14] . The electrochemical gap for co-oligomers 2 and 3 was determined from the onset of the first oxidation and the reduction wave resulting in slightly smaller values (Eg CV =2.06 eV and 2.03 eV) compared to the optical data.
The HOMO and LUMO energy levels of both oligomers were then calculated using the approximation that the Fc/Fc + energy level lies at −5.1 eV vs. vacuum. The weaker electron accepting strength of the BTDA group is further reflected in the higher LUMO energy of the BTDA derivatives 2 and 3 (∆ LUMO =0.54 eV and 0.40 eV) compared to the corresponding DCV4T and DCV5T [14] Due to the relatively low lying HOMO energies at −5.36 eV or lower and LUMO values of −3.33 eV, both materials should be suitable as donor and ptype semiconducting material in organic solar cells when using fullerene derivatives as acceptor.
Vacuum-processed planar heterojunction solar cells
BDTA-oligothiophenes 2 and 3 were implemented in m-ip type planar heterojunction (PHJ) solar cells prepared by vacuum processing. The layer sequence used in these devices was ITO/C 60 (15 nm) / donor 2 or 3 (10 nm) / hole transporter Di-NPB (5 nm) / doped hole transporter Di-NPB:NDP9 (40nm, 4.7 wt%) / doped zinc phthalocyanine ZnPc:NDP (10nm, 2 wt%) / Au (50 nm). All cells were measured with an aperture mask of 2.76 mm 2 . The currentvoltage (J−V) curves of these PHJ solar cells are depicted in Figure 4 and the data are summarized in Table 2 . The short circuit current density (J SC ) in Table 2 was derived from the measurement of the JV-characteristics. The sun simulator was calibrated with a silicon solar cell to 100 mW cm −2 (see experimental). To subsequently correct the mismatch between the spectrum of the sun simulator and AM1.5G, the mismatch corrected short circuit current (J SC ) was calculated from the EQE spectrum. The power conversion efficiency PCE (η) was then calculated taking the mismatch into account. A clear rectification behavior was observed in the dark for both donor oligomers. resulting in a slightly higher PCE of 1.0%. The S-shape in the J-V curve for devices based on 2 resulted in a lower FF compared to those made from3. The S-shape typically results from the hole-injection barrier from hole transporter Di-NPB to oligomer 2, explaining a low slope of the J − V curve around V OC . The reason for this effect is that the HOMO energy level of BTDA4T 2 (−5.39 eV) is closer to the HOMO of Di-NPB (−5.4 eV) as compared to the HOMO of BTDA5T 3 (−5.36 eV). A slight improvement in FF and reduced S-shape characteristic was observed with the elongation of the oligomer length from 2 to 3. Both oligomers, 2 and 3, showed reasonable EQE spectra with a maximum of 20-22% at around 500 nm, which matches well with the absorption spectra obtained in the solid state. The V OC of these devices decreases from 0.79 to 0.74 V with increasing length of the oligothiophene backbone which can be assigned to the higher HOMO energy level of 3 compared to 2. It is known that the V OC depends on the energetic difference between the HOMO of the donor and the LUMO level of the acceptor. It is interesting to note that the fill factor obtained with these devices was ∼60% which is among the higher values reported in literature. In comparison to these data, the previously reported PHJ solar cells of the shorter BTDA3T 1 having the same layer sequence showed a higher PCE of 1.7% which mainly comes from the higher V OC (0.98 V) due to the lower lying HOMO and an increased photocurrent [17] .
Solution-processed bulk heterojunction solar cells
We further investigated the performance of co-oligomers 2 and 3 in solution-processed bulk heterojunction (BHJ) solar cells due to the fact that they are not only sublimable, but also show sufficient solubility in organic solvents. The active blend layers were prepared by spin-coating a solution of oligomers 2 or 3 as donor and fullerene derivatives . JV characteristics were measured using simulated solar light under AM1.5G conditions at ∼100 mW cm −2 and are depicted in Figure 5 . The measured solar cell parameters are summarized in Table 3 . BHJ solar cells using PC 61 BM as the acceptor and oligomers 2 or 3 as the donor showed with J SC s of 2.7 and 2.8 mA cm −2 and PCEs of 0.7 and 0.9%, respectively, performances, which are similar to the efficiencies of the vacuum-processed PHJ cells. Despite BHJ cells can only roughly be compared to PHJs, the main differences in the performance of the two cell architectures come on one hand from the higher photocurrent density J SC and photovoltage V OC for the solution-processed BHJs. We assign the increase in V OC to the higher LUMO energy level of the PCBM derivative compared to C 60 and the increase in J SC to the higher D:A interfacial contact, which results in higher charge generation compared to bilayer devices. On the other hand, the BHJ cells displayed rather low FF values of 0.32-0.35 in comparison to 0.56-0.60 obtained for the PHJ devices prepared by vacuum deposition. The higher fill factor in PHJs is due to the pure donor and acceptor layers giving rise to good charge transport. The PCEs in the solution-processed BHJs were increased to 1.3% and 1.5% for oligomers 2 and 3, respectively, when the better absorbing PC 71 BM was used as acceptor, which significantly contributes to the photocurrent density J SC . This behavior is also well reflected in the EQEspectra showing a clearly increased photon-to-charge carrier conversion over the whole range of the visible spectrum (Figure 5b ).
Conclusion
We have synthesized two novel A-D-A-type oligothiophenes 2 and 3 bearing terminal benzo[c] [1,2,5]thiadiazoles (BTDA) as acceptor units. The oligomers were characterized by optical and electrochemical measurements showing broad absorptions in the visible spectrum and well located frontier orbital energies for efficient charge transfer in organic solar cells. The optical and electrochemical properties clearly revealed that BDTA is a weaker acceptor than the previously reported dicyanovinylene (DCV) groups. Vacuum-processed m-i-p type bilayer solar cells implementing co-oligomers 2 or 3 as donor and C 60 as acceptor generated moderate power conversion efficiencies of around 1.0%. BHJ solar cells prepared by solutionprocessing using PC 61 BM generated very similar efficiencies of 0.9%, which were further increased to 1.5% by using PC 71 BM. It was found that the cell efficiencies were mostly limited by the low photocurrent densities due to moderate light absorption in the bilayer devices and low fill factors coming from inefficient charge transport in the solutionprocessed BHJ devices. Table 2 : Characteristic solar cell data of oligomers 2 and 3 as donor and C 60 as acceptor in vacuum-processed planar heterojunction m-i-ptype solar cells. The power conversion eflciency (η) was calculated taking the mismatch corrected value into account. Vacuum-processed solar cells: N,N′-Di(naphthalen-1-yl)-N,N′-diphenyl-benzidine (Di-NPB) and zinc phthalocyanine (ZnPc), doped with proprietary compound NDP9 (purchased from Novaled GmbH, Dresden, Germany) were used as p-doped hole transport layers. Doping concentrations of Di-NPB and ZnPc were 2-5 wt%. C 60 and ZnPc have been provided by Alfa Aesar and Di-NPB by Sensient Imaging Technologies. Except the oligothiophenes, all materials were cleaned at least twice by thermal gradient sublimation before evaporation. The organic layers and metal contacts were thermally deposited in an ultra-high vacuum system at 10 −8 to 10 −7 mbar through shadow masks onto semitransparent indium tin oxide (ITO) coated glass substrates (Thin Film Devices Inc., sheet resistance <30 Ω/sq). Ceramic or graphite crucibles were used as sublimation sources (Creaphys GmbH, Reinhardtsgrimma), temperatures were set by a Eurotherm controller and film thicknesses were determined by quartz crystal monitors (Leybold Inficon Inc.). Substrates were cleaned using detergent, acetone, and ethanol. The active area of the cells had an average size of 4-7 mm 2 . J − V characteristics were measured using a Source Measurement Unit 236 SMU (Keithley) in an N 2 -filled glovebox without exposing the samples to air.
Cooligomer
Illumination was provided by a sun simulator SOL 1200 (Hoehnle) with an intensity of 100 mW cm −2 , which was calibrated using an outdoor reference cell provided by the Fraunhofer Institute for Solar Energy Systems (Freiburg). External quantum efficiency (EQE) spectra were recorded using band pass filters to provide monochromatic light. Calibration was done using a Hamamatsu Photonics photodiode. Due to a mismatch of the spectrum of the sun simulator (Hoenle) an AM1.5G spectrum, J SC derived from the IV-characteristics was corrected. The mismatch corrected short circuit current density J SC,corr is directly calculated from the EQE spectra by multiplying with AM1.5G spectrum and integration of the derived spectrum. 
